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Do we need kinetic modelling of the SOL?

Full kinetic codes

are too complex

have low dimensionality

»
»
@ (usually) are not user friendly
@ simulations are fluctuative

»

are CPU extensive

Yes we need @
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Why do we need kinetic SOL models

@ Low collisionality of the SOL | 4

Energy flux: V., ?

Kinetic equation for el. [Chodura CPP 1992)]
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V — =C., [=0
u f m ” auf g

@ Plasma sheath is a kinetic object
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Assumptions usually made in derivation of fluid equations

* Interaction with impurity, neutrals and PSI| are added to the
fluid equations as particle, momentum and energy sources and
sinks. The velocity distribution functions used for derivation of
transport coefficients are not recalculated. Hence, it is
assumed that the corresponding corrections are small.

0A
—+V-I, =85 - S
Gt A ources inks

 lon shift velocity is smaller than the thermal one V, << V;.

* Fokker-Plank collision operators are simplified using m;/m; <<1

_______________________________________________________________________________________________________________

_______________________________________________________________________________________________________________
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Fokker-Plank codes

d e 0
V—+—(E+VxB)—|f(r,V)=C,, + Cpex +S
ar m A%
B Particle distribution function ¥ Low dimensionality, 1D3V, 2D2V
is calculated directly ¥ Implementation of exact atomic and
B Relatively low numerical noise PS| processes is not trivial

Particle-in Cell (PIC)/ Monte Carlo (MC) codes

av, _& (E+ Vv, xB)+ Y} B High dimensionality, up to 3D3V
darm, B Parallelization is straightforward
r, _V B A&M and PSI processes can be
d " implemented with relative easy

B Special care has to be taken to keep numerical
fluctuations below some acceptable level
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Scheme of the electrostatic PIC

dr, _ V, k=1,.,N Statistical model for
dt collisions and PSI
dV. e ﬁ

2D
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Some estimations

PIC requirements SOL paralmeters ~
19 -3
A< b n~10" m
W, T, ~20eV
Ax < A, size ~15x5x0.01 m
Npc > 100 %1 @
At ~2x107" s
-5
World record: N, ~10" Ap~107"m
size ~1.5.10° x5.10° x10° A,
15
Can we do low dimensional models? NP ~10
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Some estimations (ii)

t [hours]
S

10" f
102 <« Real time required for
plasma edge simulations
10° vS. computer speed
107 10” 10° 10’ 10°
speed 19
[~ Npam'cle X Ntime_steps X Nﬂ.per_step '

Tt = Tera flop, flop - floating Point Operations Per Second; The speed of fastest PC ~ 0.05 Tf
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Kinetic models of Scrape-off layer

1D SOL models 2D SOL models
Procassini:  NF 90, JNM 92 Bergmann: CPP 96, 98, CzJP 98
Chodura: ~ CPP 88, ECA 90, CPP 92 Takizuka: ~ JNM 03, CPP 10 @
Bergmann:  PoP 94, NF 02 Subba: crrp02 ©

lgitkhanov (FP): CPP 93, 94, ECA 94 Divertor plasma models

Takizuka: CPP 00, PoP 00, ‘ . Brooks. . Ny PRVO@,.. i
cell Np/oelll:)oI:’NSFQQGSQi/me
JNM 01, TFT 01 |
, ChbevapedFP)<100 PPLF 08 400
Batischev (FP): PoP 96,97,98 @ O @ ReTaco6gh20 1000 07 TPP OSO.O

Pitts: NFo7 @ Tskhakaya: crros @ O
Gunn: PoP 07 ‘ O Matyash (treecode): CPP 08
Tskhakaya: CPP 08, JNM 09, 10 . Dejarnac: IJNM. IEEE 09

@ - Includes nonlinear Coulomb coliisions @ - Includes impurity dynamics
O - Includes neutral dynamics . - Massively parallel
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Massively parallel simulations

Amdahl's Law for the maximum speed up due to parallelization (1967)

25 | I 1 | 1 ’ 1 1 | 1
~ Parallel Portion
50%  —

07T 90%

........

Q5%  s— o S 4L i
| | | §S=
o 151 1 — P
% ________________________________
>
(=9
“ 10
S — speed up
5 P - parallel portion
of the code
.

— N = 00 W 0§ = 0D W
-— —

2048
4096
8192
16364
32768
65536

Number of Processors
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New structure of BIT1 code

,Natural sorting“: particles curry the cell index

@ Neighboring particles in real space are neighbors in the computer memory:
cache-hit increases [Tskhakaya JCP 2007]

@ Cells are statistically independent: all collision probabilities are
calculated separately, but are using the same random numbers

@ Paralleling is straightforward

@ Physics-based massively parallel Poisson solver [Tskhakaya IEEE 2010]
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Electrostatic PIC/MC code BIT1

B Separatrlx _______ Plasma source and heating
D,C,C+ -~
Inner » i @ & N
divertor 4= > divertor [
D recycling I \
C sputtering I |
// / / / Outerwall 1 ;
\ /
N\ /
Main features h o
p
+ Kinetic treatment of plasma (1D3V), V
neutrals (2D3V) and impurities (quasi-2D3V) % y

Nonlinear energy and momentum conserving collision operators

Linear model for plasma recycling and impurity (physical + chemical) sputtering.

Massively parallel runs on 512 — 1024 processors

* Nparticles X Ntime Steps up to 1016
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Plasma density profile at the AUG outer divertor

mH
'E 3.5

C
3

2.5

x[m] 10 '
Divertor | '
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Parallel velocity distribution functions (el.)

10° . L L
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Parallel velocity distribution functions (ion)
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Parallel velocity distribution functions

Most probable collision partner

|

~ Next collision
o @

Collision probability increases
Particle energy

Particle either collide many times, or
do not collide at all
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Validation of the code: ELM simulations

50
ELM “burst” — 40} 10-100 0.11
g ms ms
/ Fast particles % 30 ) o
e
oS 20

Divertor plates
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Filaments of small and large ELMs at MAST (UK)
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Comparison with experiment

[Tskhakaya JNM 11]

80 :
—— PIC
_ PICaV
— JET
SV o]
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20}
0 . . . :
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t [us]

Power loads to the OD plate during the 0.15 MJ ELM at JET (shot #74380).
Similar results for other shots at JET, TCV [Tskhakaya JNMQ09], AUG?
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Simulation of high recycling SOL

flocc. @ i Outer
» < > ‘ divertor

Inner

divertor
D recycling

C sputtering @

v
/ /" Outer wall /)

Plgsma probe

>0, S << 1

Low recycling SOL: § =0, R

plasma heat recycling

High recycling SOL: § ~0,8, >0, R ~ |

plasma heat recycling

What is the fastest way to reach the stationary state?

Starting with high S later slowly reducing it

plasma

The final state depends on the way how it has been reached!
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Modelling of the parallel transport

?
Parallel thermal force FHT =mer|C dv = —-0.71no T,

|~ st

2
lon sound speed C = \/Te + X X =

] 2 2 7 7 ?
lon parallel viscosity 7T =m, (U|| -U /3)f.( )dV = —-n9,Y,

Parallel heat flux q, = —fU|U2f(#)dl7

I 2

Power loads to the divertot plates

Plasma probe measurements
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Simulation of Langmuir probes

There are a number indications that under some circumstances the T,
measured by Langmuir probes can significantly deviate from the actual values

Stationary SOL ELMy SOL
Fussmann JNM 1984: T /T =2 Herrmann JNM 2003,
Horacek JNM 2003: T /7% =5 Kallenbach PPCF 2004,1 1 | sin _ 5
Pitts NF 2007, [ Te e '
@ Tskhakaya JNM 2009

Super-thermal electrons? @
Assumption of bi-Maxwellian electron VDF: ITER relevant
Stangeby PPCF 1995, Van Rompuy PPCF 2007,

Ceréek JPFRS 2009...
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Modeling of the JET triple-probes [Tskhakaya JNM 2011]

] Triple probe
Experiment N
I
TP :
. J - ° In2
@ I_- n= J;az‘ /eCS’ q 8J;at]—; >
\ ECs=\/2TeTP/Mi9U>>Te;
[ ) LGt
Simulation .
a o= [Vf VLV = [,
| 0 2V, /m,

fe,i(va’t):>2J§a, ooane(x,VH,l‘)dW““ fo(x V|,t)dV

2V, /m, \/Z(V SU)/m,
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Electron temperature profiles in the JET divertor plasma

5 [Tskhakaya, JNM 2010].

y - A
— oW col.
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Interpretation of probe measurements

’;= — H;gh col. 1()2 _ — Coulumb
g — Mod. col. f | = Inelastic
— Low col. !
10 h
| — | [
| S
) — 10 [
107t ol [
E Maxwellized ‘'De-Maxwellized
10°] _ :
| ‘
10_3 - 10'4~ . H
-4 2 0 vV /V 2 4 6 ) y

V1 10 10 10° E [eV]

Electron velocity distribution functions at

the probe for different plasma recycling
coefficients

Mean free paths for electron Coulomb
and inelastic collisions near the divertor
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lon sound speed

Case w/o recycling [Tskhakaya EU-PWI TF 2010]

V=39
C - I, + xI. . X — v=18
s I — v=127 |
m,
3l
x-1
T,~n 1
Usual assumption 1t
|l < = 5 % 6.5 7 75 \
X [m] Outer
divertor

Poloidal profiles of the polytropic
coefficient for different SOL collisionalities.
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lon sound speed (high recycling SOL)

[Tskhakaya, ICPP 2010]

)¢

N W S O
L)

/7.0

vV

_3 L L L IL -—
6 6.5 7 7.5 Outer

X [m] divertor

Poloidal profile of the polytropic coefficient.
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lon sound speed (high recycling SOL)

How can we define the

T~n"" 10l — N
J 5 | — T
dinT ©
x=1+ 0
-1.

ion sound speed? 10
C - T, +{x)T, 6 6.5 7 75 X [m]
| 5 m i

Poloidal profiles of the ion density and temperature.
[Tskhakaya, ICPP 2010]
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Parallel heat flux (low recycling SOL)

Limited expression of the heat flux

Tskhakaya JNM 09

-1

1 1 a, |
q, = ( + ) 107l a;

sy CYGps

Ol is a free parameter (0.03 — 1.0)

____________________________________________________________

ol 107 0 o 2
q 9L 10 10 Y, 10
SH
I s
Heat flux limiting factors vs. plasma collisionality
qps =nV; T
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Parallel heat flux in the attached high recycling divertor plasma

O I L L I ¢ QUter
7.84 7.86 7.88 7.9 7.92 7.94 divertor

X [m]
Poloidal profile of the ion heat flux for JET relevand parameters. FS and SH

denote the Spitzer-Harm and the free streaming heat fluxes.
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Average energy and incident angle of ions impinging to the DP

Divertor plate

Analytical/numerical models

<E> = 2]-; t e¢sheath

a=19-10° Collisionless PIC [Chodura 1986]

40°<ax < 65° for U~5°+10°

FP with BGK operator [Devaux PPCF 2008]
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Simulation results for JET-relevant SOL

v, | Divertor Pﬁ}: T<IE> o

Inner D+ | 224 19.0 50.1

4.4 C+ 408 ____[182 60.8
Outer D+ |18.0 13.1 49.9

C+ 363 12.3 60.9

Inner D+ |91.2 72.2 43.0

2.3 C+ 190.6 70.0 37.0
Outer D+ |55.1 39.8 46.2

C+ |61.1 37.8 45.3

For high collisionality there is strong main ion-to-impurity

coupling leading increased impurity fluxes

D. Tskhakaya PET13, 21.10.2011
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The main problem for our simulations:

Results are sensitive to the A&M and PSI data, and most (!) of this data is missing.

e+ W0 > e+ Wik

A&M

e+W0 > 2e+Wirh @

2e + WO > e + WD

H on W, W sputtering
W self-sputtering
H on W, release of H

W on W, reflection

D. Tskhakaya PET13, 21.10.2011

H+wo > H+wi) @
H+wW > H+w @

————————————————————

. - Implemented in BIT1
@ - data expected

‘ - no data is expected
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Sensitivity of simulation results to the implemented PSI data

100 L : L 140
— e+D”
o 120
c 80 -
= e 100
2 S~
=, 60l =
(@] —_
© B
40* O— 60‘
40
201
20|
O L L r O r r r
0 100 2?0 300 400 0 100 200 300 400
t[us t [us]
a) b)

Power loads to the outer divertor during 0.15 MJ type-1 ELM at JET #74380.
a) Constant recycling coefficient R,= 0.99;
b) Energy-dependant R(E).
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Formulation of the boundary condition for ion velocity at the SE

Conventional model

inV S

ds
in(ml.Vz +T, + Z)= -mVS
0s

T,~n"" ﬂ

S +S S
(=12 Ly o222 2% g
0s n n
1, + X1,

________________________________

Atthe SE  V=c, —V o

D. Tskhakaya PET13, 21.10.2011

But

e is not well-defined

- for y =1
i]}eoo
oS

Is this physical?
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Drop/increase of physical quantities across the plasma sheath

-1

V m.
— | =expl- , ~In L ~2+5,
VSE) pl=wo) vy ~n |

e

For perfectly magnetised electrons and ions (!) we obtain

2 1
Te,w=Te,SE(1_§)’ ];,w=];,SE§(2+(\/1+2wO _\/21'00)2)
-1
T T
For Y,=3 LTINS LRI 0.05, —== ~0.85, — ~ 0.68
Rgp SE e.SE T
L, _[ter, L
Vs = 5 dIinT d
§ m. <<1 =1+ =1
I P d1nn =) Xss In

D. Tskhakaya PET13, 21.10.2011 36/38



Conclusions

@ Massively parallel PIC modeling is a powerful tool for SOL study

@ Parallel transport coefficients in the high recycling SOL strongly deviate from
the classical ones.

@ Sound speed is NOT a well-defined value

@ The ion parallel heat flux can exceeds the Spitzer-Harm and free streaming
heat fluxes

@ Development of new analytic/empirical models is required. E.g. boundary
condition for the ion parallel speed has been revised.

@ Classical expressions systematically underestimate average energy of ions
impinging to the DP in the high recycling attached divertor plasma

@ Future work: development of higher dimensional massively parallel codes

@ We have (very) long way to go l
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EU Integrated Tokamak Modeling TF

R *'ll!i 8

Test simulation of AUG. Figure is kindly provided by
H.J. Klingshirn, D. Coster, T. Lunt and T. Koskela
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0.9

0.8 BIT1 ]

0.7 Eckstein
0.6
0.5
0.4
0.3
0.2

0.1

10° 10 10 100 E [éV]

D reflection coefficient for D+/D impact on C.
“Eckstein” corresponds to the model from [Eckstein, NF 84].
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2

£7)=—" 2, )eXp(

V3 2ﬂ 1+erf

/ 2e(p

VE,W~VT1(\/1+2¢-\/J) (\/ﬁ \/@)

l

- +w—wo]H(V—Vc),

D. Tskhakaya PET13, 21.10.2011 40/38



Differential cross-sections

d’o, do, do. do,
on — on E E on E @ on E , @
dE dQ.dQ,  dE, (£, S)a’QS (E, cos S)de( <050, )
do. a 1 1 1 3 b.
Lo (E | E )= . 1 |,
dE . ( b S) E +E, (1+5S)2+(€p—gs)2 (1+8S)(€p—€s)+ n€p2(1+es)3”]
do,, 1 (7))
dQ  4rin(l+aE)l+aEsin®(x/2) 9 § p——rcrrrar——————erre————cee
e,=E,/E,, & =FE/E,,
2 L
Krstic 1998
N — | 1.5
e+H=2e+H*
e 1 L
0.5
Angular differential cross sections 0
3 -2 -1 0
10 10”7 % 10 10
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